decipher the complex developmental programs is to assemble the underlying gene regulatory networks by dissecting the cis-regulatory modules that direct temporal-spatial expression of developmental genes and identify corresponding trans-regulatory factors. Here, we focus on the regulation of a HMX homoebox gene called mls-2, which functions at the intersection of a network that regulates cleavage orientation, cell proliferation and fate specification in the Caenorhabditis elegans postembryonic mesoderm. In addition to its transient expression in the postembryonic mesodermal lineage, the M lineage, mls-2 expression is detected in a subset of embryonic cells, in three pairs of head neurons and transiently in the somatic gonad. Through mutational analysis of the mls-2 promoter, we identified two elements (E1 and E2) involved in regulating the temporal-spatial expression of mls-2. In particular, we showed that one of the elements (E1) required for mls-2 expression in the M lineage contains two critical putative PBC-Hox binding sites that are evolutionarily conserved in C. briggsae and C. remanei. Furthermore, the C. elegans PBC homolog CEH-20 is required for mls-2 expression in the M lineage. Our data suggest that mls-2 might be a direct target of CEH-20 in the M lineage and that the regulation of CEH-20 on mls-2 is likely Hoxindependent.
Introduction
Metazoan development proceeds by coordinated regulation of multiple cellular events, including cell proliferation, cell fate specification and differentiation. The underlying mechanism is the regulated expression of genes encoding transcription factors and components of cell signaling pathways. The Caenorhabditis elegans postembryonic mesodermal lineage, the M lineage, provides an excellent model system to investigate the coordinated mechanisms that regulate cell patterning, cell proliferation and cell fate determination. The M lineage is derived from a single pluripotent precursor, the M mesoblast. During postembryonic hermaphrodite development, the M cell divides in a characteristic and reproducible pattern to produce six mesodermal cell types: striated body-wall muscles (BWMs) used for locomotion, coelomocytes (CCs) with a non-essential ''scavenging'' function, and four types of nonstriated sex muscles (type I and II vulval muscles and type I and II uterine muscles) involved in egg laying (Sulston and Horvitz, 1977) .
Genetic and molecular analyses have uncovered a hierarchy of transcription factors that execute specific functions in M lineage development (Kenyon, 1986; Harfe et al., 1998a,b; Corsi et al., 2000; Liu and Fire, 2000; Kostas and Fire, 2002; Jiang et al., 2005; Foehr et al., 2006; Amin et al., 2007) . In particular, two Hox proteins lin-39 double mutants or ceh-20 single mutants so that no M descendants arise (Liu and Fire, 2000) . CEH-20 forms a heterodimeric complex with either MAB-5 or LIN-39 and directly activates the expression of multiple targets including CeTwist/HLH-8, which is required to maintain the patterning and specify correct cell fates of the M lineage (Liu and Fire, 2000; Corsi et al., 2000) . In addition, MAB-5 also plays a role in cell fate determination in that mab-5 mutation causes a fate transformation from M-derived BWMs and CCs to sex myoblasts (Harfe et al., 1998b) .
In addition to the two Hox proteins (MAB-5 and LIN-39) and their cofactor CEH-20, another homeodomain protein, MLS-2, also plays critical roles in regulating M lineage proliferation, patterning and cell fate specification. MLS-2 belongs to the NK class of homeodomain proteins and it is present in both the M lineage and a subset of head neurons (Jiang et al., 2005) . During the early stage of M lineage development, mls-2 expression appears to be regulated at both the transcriptional and post-transcriptional level (Jiang et al., 2005) . This tight regulation of mls-2 expression reflects the important roles of MLS-2 in the early M lineage. MLS-2 regulates cell proliferation by regulating the activity of a G1 cyclin, CYE-1, and specifies BWM and CC cell fates through multiple downstream targets, one of which is CeMyoD/HLH-1. MLS-2 also regulates cell cleavage orientation in the M lineage (Jiang et al., 2005) . These observations indicate that MLS-2 is functioning at the node of a regulatory network. Thus, it is necessary to understand the molecular mechanisms behind the stringent spatio-temporal control of mls-2 expression.
In this study, we characterized the mls-2 promoter region and identified cis-elements responsible for mls-2 expression in the M lineage and in the head neurons, respectively. Sitedirected mutagenesis reveals the importance of two potential PBC-Hox binding sites in regulating mls-2 expression in the M lineage. These and additional results indicate that the PBC protein, CEH-20, is likely a direct regulator of mls-2 expression in the M lineage.
Results

mls-2 expression is spatially and temporally restricted
We have previously used pYJ59 (5.5 kb mls-2p::gfp::mls-2::mls-2 3'UTR), a functional GFP::MLS-2 translational fusion to examine the expression pattern of mls-2. pYJ59 rescues the M lineage defects of the mls-2(cc615) null mutants, and transgenic animals carrying pYJ59 shows the same expression pattern as MLS-2 antibody staining (Jiang et al., 2005) . To further delineate the cis-regulatory sequences that are required for proper mls-2 expression, we generated pYJ55 (5.5 kb mls-2p::gfp::mls-2 3'UTR), a transcriptional fusion construct with the mls-2 promoter and 3' UTR regions, and pYJ51 (5.5 kb mls-2p::gfp::unc-54 3'UTR), another transcriptional fusion construct with the mls-2 3'UTR replaced by the unc-54 3'UTR. Transgenic animals carrying either pYJ55 or pYJ51 showed similar GFP expression pattern to that of transgenic animals carrying the functional GFP::MLS-2 translational fusion pYJ59, as summarized below.
During embryogenesis, GFP expression was detected in a subset of embryonic cells, similar to MLS-2 antibody staining (Jiang et al., 2005 ; data not shown). During postembryonic development, GFP was observed in several cell types. At the L1 stage, GFP was transiently expressed in the early M lineage (Jiang et al., 2005 ; Fig. 1A-B) . During the L2 and L3 stages, GFP was transiently detected in a group of proliferating cells surrounding the gonad, which are presumably somatic gonad cells from the Z lineage (Fig. 1C-D) . GFP expression was also detected in three pairs of head neurons throughout postembryonic development (Fig. 1A-B , E-H). We have identified two pairs of the neurons expressing mls-2 as AIM and ASK, based on their location, their axon structures, co-localization with a ttx-3::rfp (an AIY specific marker, Wenick and Hobert, 2004) and DiO staining which stains amphid and phasmid neurons in the head (ASI, ADL, ASK, AWB, ASH and ASJ) and tail (PHA and PHB) ( Fig. 1E-H) .
Thus, transgenic animals carrying either pYJ55 or pYJ51 showed a similar GFP expression pattern to that observed in transgenic animals carrying pYJ59 or that via MLS-2 antibody staining (Jiang et al., 2005 ; this work). Since pYJ51 does not contain any introns or the 3' UTR sequences of mls-2, all critical elements required for mls-2 expression must lie in the 5.5 kb mls-2 promoter fragment.
2.2.
Two cis-acting regulatory elements (E1 and E2) are required for the spatio-temporal expression of mls-2
To further uncover mechanisms involved in regulating the expression of mls-2, we first generated a series of deletion constructs by removing the distal or internal parts of the mls-2 promoter and tested the consequences of these deletions on mls-2 promoter activity. The promoter activity of each construct was assayed by both the GFP expression pattern and the ability of GFP tagged MLS-2 to rescue the M lineage defects of mls-2(cc615) mutants. The latter assay requires functional levels of transgene expression in the proper temporal and spatial pattern. As summarized in Fig. 2 , transgenes with pYJ68 (À3825 to À1), pYJ69 (À2926 to À1), pYJ70 (À2469 to À1), pYJ82 (À2308 to À1) or pIS2 (À2221 to À1) showed expression patterns similar to that previously observed for pYJ59 (À5564 to À1). However, further 5 0 deletions, as in pYJ81 (À2109 to À1), pYJ71 (À1490 to À1), pYJ73 (À661 to À1) and pIS4 (À144 to À1), resulted in the loss of mls-2 expression in the M lineage (Fig. 2) . Three internal deletions, pYJ100 (DÀ639 to À403), pYJ101 (DÀ2076 to À144) and pYJ164 (DÀ2077 to À144), did not affect the proper expression pattern of mls-2 in the M lineage (Fig. 2) . Taken together, these results suggest that a 144-bp element, E1, residing between À2.221 kb and À2.078 kb upstream of the mls-2 initiation codon, is required for mls-2 expression in the M lineage. We also identified an element sufficient for mls-2 expression in the head neurons, and in groups of precursor cells during embryogenesis and the L2-L3 stages. Transgenic animals containing pIS4 with the shortest promoter sequence (143 bp immediately upstream of the ATG) showed nearly normal expression pattern similar to that observed for pYJ59 in embryos as well as in a subset of proliferating cells around the gonad in L2-L3 stage larvae (Fig. 2) . The pIS4 transgenic animals also showed normal pattern of neuronal expression, albeit sometimes fainter and mosaic (Fig. 2) . No ectopic expression was observed using pIS4. Thus the 143-bp region immediately upstream of the translational start of mls-2, the E2 element, is sufficient for mls-2 expression in the head neurons as well as in groups of precursor cells during embryogenesis and at L2-L3 stages.
Therefore, the deletion analysis identified two distinct cisacting elements (E1 and E2) that regulate the temporal and tissue-specific expression of mls-2.
2.3.
Comparison of mls-2 promoter sequences reveals a high degree of sequence conservation among C. elegans, C. briggsae and C. remanei
To identify conserved regulatory sites in the mls-2 promoter, we performed a phylogenetic comparison of the genomic sequences of mls-2 orthologous genes from C. elegans, C. briggsae and C. remanei, C. elegans, C. briggsae and C. remanei have diverged between 40 and 100 million years, respectively (Rudel and Kimble, 2001; Stein et al., 2003) . In the coding region, the C. elegans MLS-2 protein shares significant sequence identity with its C. briggsae homolog CBG14538 (70% identity at the amino acid level), and its C. remanei homolog (77%), suggesting conserved roles of the three homologs. We then generated a construct with 2003 bp of the C. briggsae mls-2 promoter driving a translational gfp::Ce-mls-2 reporter (pYJ166, the 5 0 end of the sequence is marked in Fig. 3A ). This construct fully rescued the M lineage defects of a null allele of mls-2, cc615, and directed gfp expression that mimicked the endogenous mls-2 expression pattern (data not shown). This result indicates that functionally important cis-regulatory sequences are conserved between the C. elegans mls-2 and the C. briggsae mls-2. We next compared 3 kb of the mls-2 promoter regions from all three species using Dialign (Morgenstern, 1999) and Dot Plots (Maizel and Lenk, 1981) and observed that the relative positions of the conserved sequence blocks are also well conserved in the mls-2 promoters from all three species (data not shown). We particularly focused on the two elements described above, E1 (sequences from À2221 to À2078) and E2 (the 143 bp sequence immediately upstream of the mls-2 initiation codon ATG). A high degree of sequence conservation was observed in both elements using the Clustal W method (Thompson et al., 1994) (Fig. 3) . We then used the TESS program (http://www.cbil.upenn.edu/tess) to look for known consensus binding sites in both elements. Among the possible transcription factor binding sites found within the E1 elements were two highly conserved sequence motifs, S1 and S2. As shown in Fig. 3A , both S1 (TGATTTACGG) and S2 (TCATAA ATTC) are highly conserved in C. briggsae and C. remanei, and both resemble the PBC-Hox heterodimer consensus binding
, with the 5 0 TGAT half being the PBC binding site and the 3 0 half being the Hox binding site (Chan and Mann, 1996; Mann and Affolter, 1998, Fig. 4 ).
2.4.
The putative PBC-Hox binding sites (S1 and S2) are essential for mls-2 expression in the M lineage
We next tested whether the S1 and S2 elements are essential for mls-2 expression in the M lineage. Towards this goal, we made site-directed point or clustered mutations in S1, S2 or their surrounding regions in the context of the 5.5 kb or the 2.9 kb mls-2 promoter (the 5.5 kb promoter and the 2.9 kb promoter behaved indistinguishably in all our assays), and tested the ability of these mutated promoters to drive the expression of the translational gfp::mls-2 reporter in the M lineage, using rescue of the cc615 M lineage defects as a read-out. The reporter was inferred to be expressed in the M lineage if the construct had the ability to rescue the M lineage defects of cc615 mutants. The rescuing efficiency of each construct was compared to that of pYJ69, which contains 2.9 kb of the mls-2 promoter (À2926 to À1) driving a functional translational gfp::mls-2 fusion (Fig. 4) . On average, transgenic lines carrying pYJ69 showed between 10% and 45% rescuing efficiency (45% is shown in Fig. 4) . We considered any transgene that gave over 10% rescuing efficiency as being efficiently expressed in the M lineage. All the mutant constructs showed normal expression in the head neurons (data not shown).
As shown in Fig. 4 , mutations in the 5 0 PBC half site within the S1 element (pYJ97) completely abolished the M lineage expression of the transgene, while mutations located one nucleotide upstream of the S1 element (pYJ98) did not significantly affect the M lineage expression of the transgene. These results demonstrate that the putative PBC binding site in S1 is required for mls-2 expression in the M lineage. Mutations in the 3 0 Hox half site within the S1 element (pYJ110 and pYJ108) also resulted in a failure of the transgene to be expressed in the M lineage, indicating that this putative Hox binding site is required for mls-2 expression in the M lineage. We also mutated the S1 site from TGATTTAC to TGATTTAt (pYJ109), mimicking the perfect PBC-Hox binding site. This construct behaved just like pYJ59, the wild type construct (Fig. 4) .
We then tested the importance of the S2 element for mls-2 activity in the M lineage. This element, TCATAAATTC, also closely matches the PBC-Hox binding site and is conserved in C. briggsae and C. remanei (Fig. 3A) . When base changes were introduced into the 5 0 PBC half site (pYJ140 and pYJ141) or the 3 0 Hox half site (pYJ138) of the S2 element, we saw a significant reduction of the rescuing efficiency of the corresponding transgenes, varying from 2% for pYJ138 and pYJ140 to 6% for pYJ141 (n > 100). Therefore, we concluded that this putative PBC-Hox binding site, S2, is important, but not essential, for mls-2 expression in the M lineage.
2.5. The C. elegans PBC homolog CEH-20 specifically regulates mls-2 expression in the M lineage There are two PBC homologs in C. elegans, ceh-20 and ceh-40, which share redundant functions during embryogenesis (Van Auken et al., 2002) . Previous studies have shown that ceh-20 plays an important role in M specification and patterning (Liu and Fire, 2000) . We found that a weak allele of ceh-20, ay9 (Taká cs- Vellai et al., 2007) , also causes modest M lineage defects (data not shown). When we examined the M lineage phenotype in a presumably null allele of ceh-40, gk159, we found normal M lineage development in this mutant. Furthermore, ceh-40(gk159) did not enhance the M lineage defects of ceh-20(ay9) mutants (data not shown), suggesting that ceh-40 does not function in the M lineage. We therefore focused on CEH-20 and tested whether it is required for mls-2 expression in the M lineage.
We performed antibody staining using anti-MLS-2 antibodies in both ceh-20(n2513) and ceh-20(RNAi) animals. In over 95% of n2513 mutants (n > 200), MLS-2 was still detectable in M-derived cells and in the head neurons (Fig. 5B) . However, the level of MLS-2 expression in the M lineage appeared to be greatly reduced in n2513 homozygous animals compared to that in n2513/+ heterozygous animals ( Fig. 5A-B) . n2513 is a strong loss of function allele of ceh-20 and exhibits a 90% penetrance of M lineage defects, while ceh-20(RNAi) results in 100% M lineage defects (Liu and Fire, 2000) . To test if the presence of MLS-2 in ceh-20(n2513) animals is due to the presence of residual CEH-20 activity, we stained for MLS-2 in ceh-20(RNAi) worms and found that while the M mesoblast is still present in ceh-20(RNAi) worms, MLS-2 expression was undetectable in the M mesoblast of ceh-20(RNAi) worms (n = 34) (Fig. 5C ). These results suggest that mls-2 expression in the M lineage is dependent on CEH-20. In ceh-20(RNAi) worms, we still observed the embryonic (data not shown) and neuronal expression of mls-2 (Fig. 5C ). Neuronal cells are known to be resistant to RNAi (Kamath et al., 2001; Timmons et al., 2001) . But the presence of MLS-2 in embryonic cells, together with the absence of MLS-2 in the M lineage, of ceh-20(RNAi) animals suggests that CEH-20 is specifically required for the M lineage expression of mls-2.
2.6.
The function of CEH-20 in regulating mls-2 expression in the M lineage is likely independent of the Hox proteins A major role of PBC/CEH-20 family members is to act as cofactors of Hox proteins to form PBC-Hox complexes that cooperatively bind to DNA (reviewed by Moens and Selleri, 2006) . Both the S1 and S2 elements resemble PBC-Hox binding sites and our mutational studies suggest that the putative Hox half sites are also required for mls-2 expression in the M lineage (Fig. 3A) . Thus we tested whether the Hox genes are required for mls-2 expression in the M lineage. We previously showed that MLS-2 is still present in the M lineage in lin-39(n1760) mab-5(e1239) double null mutants or lin-39(n1760) mab-5(e1239) egl-5(n945) triple null mutants (Jiang et al., 2005 , data not shown). Further quantification showed that the MLS-2 protein level in lin-39(n1760) mab-5(e1239)/+ + heterozygous mutants or lin-39(n1760) mab-5(e1239) egl-5(n945)/+ + + heterozygous mutants was comparable to that in the homozygous lin-39(n1760) mab-5(e1239) double mutants or the homozygous lin-39(n1760) mab-5(e1239) egl-5(n945) triple mutants (data not shown). These results suggest that MAB-5, LIN-39 and EGL-5 are not required for mls-2 expression in the M lineage.
C. elegans has three other Hox genes, ceh-13, nob-1 and php-3 (Schaller et al., 1990; Van Auken et al., 2000) . To test whether these genes are involved in regulating mls-2 expression in the M lineage, we first tested whether any of the three genes is involved in regulating M lineage development, as loss of mls-2 causes a variety of M lineage defects (Jiang et al., 2005) . ceh-13 alone or nob-1 and php-3 together are required for embryonic development (Brunschwig et al., 1999; Van Auken et al., 2000) . To bypass their embryonic requirement, we reduced the activity of each of these genes by RNAi (see Section 4) or by using genetic mutations, nob-1(ct230) and php-3(ok919) (Van Auken et al., 2000) . No M lineage defects were observed in any of the single RNAi or single mutants (data not shown). Since egl-5, nob-1 and php-3 encode posterior group Hox proteins and nob-1 and php-3 are functionally redundant during embryogenesis (Van Auken et al., 2000) , it is also likely that these three posterior group genes share redundant functions in the M lineage. To test this hypothesis, we examined the M lineage phenotype in nob-1(RNAi) egl-5(n945), php-3(RNAi) egl-5(n945), and nob-1(RNAi) php-3(RNAi) egl-5(n945) mutants. None of the mutants showed any abnormality in the M lineage. With the caveat of RNAi, which may not completely knock out the function of the genes of interest, we concluded that ceh-13, egl-5, nob-1 and php-3 are not essential for the M lineage and therefore not responsible for regulating mls-2 expression in the M lineage.
Taken together, our data suggest that none of the six Hox genes are required for mls-2 expression in the M lineage. Thus, CEH-20 may regulate mls-2 expression independently of the Hox factors.
2.7.
Additional factors are required for mls-2 expression in the M lineage CEH-20 is expressed and functions in multiple cell types in addition to M lineage cells. Thus, additional factors must function together with CEH-20 to restrict the expression of mls-2 specifically in the M lineage. As an initial step towards identifying these additional factors, we tested whether the E1 element (À2221 to À2078) is sufficient to drive reporter expression in the M lineage. We first inserted the E1 element upstream of the egl-18 basal promoter (pYJ176) and examined whether it could drive GFP expression in the M lineage (see Section 4). The egl-18 basal promoter has been previously used to identify potential enhancer elements of other genes (Wagmaister et al., 2006; Zhao et al., 2007) . No M lineage GFP expression was detected in transgenic lines carrying pYJ176 (Fig. 6A) . Similarly, when the E1 element with the egl-18 basal promoter was used to drive the expression of GFP-tagged MLS-2 (pJKL805) in the rescue assay, it failed to rescue the M lineage defects of mls-2(cc615) mutants (Fig. 6B) . Similar constructs (pYJ175 and pJKL804) containing more 5' sequences of the mls-2 promoter (À2469 to À2078) also failed to direct the expression of GFP (pYJ175, Fig. 6A ) or GFP-tagged MLS-2 (pJKL804, Fig. 6B ) in the M lineage. Thus, while the E1 element is required for proper expression of mls-2 in the M lineage, it is not sufficient to act as an M lineage enhancer. Consistent with the above observations, multiple copies of the S1 element (pYJ174 and pJKL809, see Section 4) did not direct M lineage expression of GFP or GFP-tagged MLS-2 (data not shown).
We then tested whether the E1 and E2 elements together can direct reporter expression in the M lineage. We placed both the 144 bp E1 element (À2221 to À2078) and the 143 bp E2 element (À143 to À1) in tandem upstream of the egl-18 basal promoter and examined whether it can drive the expression of GFP (pYJ177) or GFP-tagged MLS-2 (pJKL806) in the M lineage. pYJ177 directed weak GFP expression in the M lineage ( Fig. 6A ) and pJKL806 rescued the M lineage defects of mls-2(cc615) mutants (Fig. 6B) . This M lineage expression of the reporters requires the presence of both the E1 and the E2 elements, as the E2 element alone is not sufficient to drive the expression of GFP or GFP-tagged MLS-2 in the M lineage (see pJKL811 and pJKL812 in Fig. 6A and B) . These results suggest that proper M lineage expression of mls-2 requires both the E1 and the E2 elements and that together these two elements are sufficient to direct mls-2 expression in the M lineage. These data also suggest that additional yet-to-be identified factors must be required for mls-2 expression in the M lineage.
Discussion
In this study, we have analyzed the regulatory sequences required for the temporal-spatial expression of mls-2, a gene critical for multiple aspects of mesodermal development in C. elegans. Our results indicate that proper M lineage expression of mls-2 requires both the 144 bp promoter element (E1) located $2.1 kb upstream the mls-2 translation initiation site and the 143 bp sequence element (E2) located immediately upstream of the mls-2 translation initiation site. Furthermore, the E2 element is capable of driving mls-2 expression in neuronal cells. Within the E1 element, there are multiple highly conserved sequences that are required for mls-2 expression in the M lineage. Two putative PBC-Hox binding sites are found to be close to each other and named as S1 and S2. These two sites are highly conserved in three nematode species analyzed (Fig. 3A) . The S1 sequence (TGATTTACGG) is a nearly perfect match to the PBC-Hox heterodimer binding site [TGATNNAT(G/T)(G/A)] Chan and Mann, 1996; Knoepfler et al., 1996) , while the S2 sequence (TCATAA-ATTC) is slightly divergent. In canonical PBC-Hox-DNA complexes, PBC contacts the constant TGAT half and Hox recognizes the 3 0 half (Lu et al., 1994; Knoepfler et al., 1996) .
Disruption of either the PBC or the Hox core binding site in S1 completely abolished mls-2 expression in the M lineage. Unlike the S1 site, mutagenesis in the S2 site severely affected but did not completely eliminate mls-2 expression in the M lineage. These results suggest that while both the S1 and the S2 sites contribute to mls-2 promoter activity in the M lineage, S2 is not essential for this function.
There are two C. elegans PBC homologs, CEH-20 and CEH-40 (Van Auken et al., 2002) . We showed that CEH-20, rather than CEH-40, is required for proper M lineage development (Liu and Fire, 2000; this study) , and that CEH-20 is specifically required for mls-2 expression in the M lineage (Fig. 5) . In ceh-20 mutants, the M mesoblast is present and it still expresses the Hox gene mab-5 (Liu and Fire, 2000) . Thus the lack of mls-2 expression in the M lineage, together with our findings that the putative PBC binding sites (S1 and S2) in the E1 element are required for the M lineage expression of mls-2, led us to propose that CEH-20 may directly bind to the S1 and S2 sites in the E1 element. CEH-20 has been shown to form complexes with Hox proteins MAB-5 or LIN-39 to directly regulate hlh-8, egl-18 and egl-1 expression in several tissue types (Liu and Fire, 2000; Koh et al., 2002; Liu et al., 2006) . However, we found that mab-5, lin-39 and egl-5 are not required for mls-2 expression in the M lineage (Jiang et al., 2005 and this study) and that ceh-13, nob-1 and php-3 are not required for M lineage development. Thus, CEH-20 might interact with a non-Hox factor(s) with binding sites similar to the Hox binding sites, and together this complex binds to the S1 and S2 sequences. Non-Hox interactors of PBC proteins have been shown in other systems. For example, the Drosophila PBC homolog Exd directly interacts with Engrailed, a non-Hox homeodomain protein, in vitro (Kobayashi et al., 2003; Peltenburg and Murre, 1996) , while the vertebrate PBC homolog Pbx can form a complex with bHLH proteins (such as MyoD) to bind DNA (Knoepfler et al., 1999; Berkes et al., 2004) . Recent studies in C. elegans demonstrate that in Q neuroblast cell migration and vulval formation, loss of ceh-20 activity causes different defects than those seen upon loss of Hox activity (Yang et al., 2005) , suggesting that PBC can function independently of Hox. At present, the identity of the CEH-20 cofactor(s) involved in regulating mls-2 is not known, thus precluding the possibility of gel mobility shift experiments in vitro. We attempted to use Chromatin Immunoprecipitation (ChIP) to detect binding of CEH-20 to the S1 and S2 sites in the mls-2 promoter. However, due to the short time window of early M lineage development and the small number of M-derived cells (1-18) relative to the whole animal ($900 somatic cells), we were not able to detect strong and consistent signals after ChIP. Further work will be needed to identify other CEH-20 associated factors required for mls-2 expression in the M lineage.
CEH-20 is broadly expressed in many cell types throughout development (Yang et al., 2005; Liu et al., 2006; Takacs-Vellai et al., 2007; J.Y. and J.L., unpublished data) . Thus other factors, in addition to CEH-20, must function to allow the proper spatio-temporal expression of mls-2. The results from our enhancer assays suggested that the E2 element is also required for mls-2 expression in the M lineage (Fig. 6) . Furthermore, we have identified another region in the E1 element, S3 (TGTTGCGAACCAAACC, located between À2152 and À2139), which is required for proper M lineage expression of mls-2 (data not shown). Further characterizing the E2 element and the S3 site and the identification of the trans-acting factors binding to them will help to elucidate the spatio-temporal regulation of mls-2.
4.
Experimental procedures
C. elegans strains
Strains were manipulated under standard conditions as described by Brenner (Brenner, 1974) . Analyses were performed at 20°C, unless otherwise noted. The alleles used in this work are: LGIII, ceh-20(n2513) (Liu and Fire, 2000) , ceh-20(ay9) (Taká cs-Vellai et al., 2007), pha-1(e2123ts) (Schnabel and Schnabel, 1990) , lin-39(n1760) mab-5(e1239)/dpy-17(e164) unc-32 (e189) (Liu and Fire, 2000) , egl-5(n945) (Wang et al., 1993) , nob-1(ct230), php-3(ok919) (Van Auken et al., 2000) ; LG V, him-5(e1467) (Hodgkin et al., 1979) ; LGX, mls-2(cc615), ceh-40(gk159) (C. elegans knockout consortium). Other transgenic lines: OH1098: otIs133 (ttx-3::rfp) (Wenick and Hobert, 2004) .
Generating transgenic lines
Transgenic lines of C. elegans were generated as described by Mello and colleagues (Mello et al., 1991) . The plasmid pRF4 (Mello et al., 1991) or the pha-1 rescuing plasmid pC1 (Granato et al., 1994) were used as markers. The promoter constructs were introduced into wild type and/or cc615 mutant animals. Expression of the transgene in the M lineage was monitored by assaying GFP::MLS-2 expression in the M lineage under the fluorescence microscope and the ability of the transgene to rescue the M lineage defects of cc615 mutants. Neuronal expression was directly monitored under the fluorescence microscope. For enhancer assays, the constructs were introduced into LW1066: jjIs1066[pJKL705.1(hlh-8p::mRFP+unc-119(+))]; unc-119(ed4).
Plasmid construction
Three gfp reporter constructs have been used to examine mls-2 expression: pYJ51: 5.5 kb mls-2p::gfp::unc-54 3 0 UTR pYJ55: 5.5 kb mls-2 promoter::gfp::mls-2 3 0 UTR (Jiang et al., 2005) pYJ59: 5.5 kb mls-2 promoter::gfp::mls-2::mls-2 3 0 UTR (Jiang et al., 2005) The following constructs were generated from pYJ59 and used in the promoter deletion analysis: The following constructs were generated for enhancer assays (egl-18p in these constructs refers to the egl-18 basal promoter): The constructs containing small deletions (see above and Fig. 2 ) or point mutations (listed in Figs. 4 and 6) were made via the mutagenesis strategy by overlapping PCR using customized primers and pYJ59 or pYJ69 as template (Ho et al., 1989) . All mutated products were confirmed by DNA sequencing.
4.4.
RNA interference pJKL422.1 (Liu and Fire, 2000) and pYJ133 were used to make dsRNA for ceh-20 and php-3, respectively. yk403d9 and yk467d4 (gift from Yuji Kohara) were used for making dsRNA against nob-1. For ceh-13 RNAi, primers JKL-601 and JKL-602 were used to amplify the insert in the ceh-13 RNAi clone III-4C05 from the Ahringer library (Fraser et al., 2000; Kamath and Ahringer, 2003) . dsRNA was synthesized following the protocol of Fire et al. (1998) . dsRNA for php-3 or ceh-20 was injected into wild type gravid adults. Progeny of injected animals were collected at the early L1 stage and examined for M lineage defects or used for immunostaining. Water injected worms were used as controls. For ceh-13(RNAi), nob-1(RNAi), php-3(RNAi) or nob-1(RNAi) php-3(RNAi), a soaking protocol modified from Ahringer (2006) was used. Embryos and the subsequent newly hatched L1s were soaked in corresponding dsRNAs or in soaking buffer alone for 24-48 h at 20°C. The soaked L1 worms were transferred to NGM plates with OP50 and followed throughout development for M lineage phenotypes.
4.5.
Immunofluorescence staining
For immunostaining using MLS-2 antibodies, early L1 larvae of ceh-20(n2513) or ceh-20(RNAi) animals were fixed and stained as described in Hurd and Kemphues (2003) . The primary antibodies were preadsorbed rat anti-MLS-2 antibodies (CUMC-R6) (1:400 to 1:1000) (Jiang et al., 2005) and goat anti-GFP antibodies (Rockland Immunochemicals) (1:5000). The secondary antibodies (both from Jackson Immunoresearch Laboratories) were affinity-purified Cy3-conjugated donkey anti-rat (1:400), affinity-purified FITC-conjugated donkey anti-goat (1:100).
DiO staining
For DiO staining, transgenic animals carrying pYJ96 (mls2p::rfp::mls-2) were incubated in 2 lg/ml 3,3 0 -dioctadecyloxacarbocyanine perchlorate (DiO) (from Molecular Probes, Catalog# D-275) staining medium for 2-3 h at room temperature as described by Perkins et al. (1986) and Herman and Hedgecock (1990) . Worms were then washed with M9 buffer three times and transferred to NGM plates with OP50 bacteria. After 1 h, worms were examined for DiO and RFP signals using a Leica DMRA2 compound microscope.
